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Before the arterial switch operation was introduced in 1975, patients with transposition of the great arteries (TGA) were treated with the Mustard or Senning procedure, also referred to as atrial switch operation \[[@CR1]\]. Lifelong annual follow-up is indicated due to the risk of serious complications, such as right ventricular failure, tricuspid valve regurgitation, arrhythmia and sudden death \[[@CR2]\]. In congenitally corrected transposition of the great arteries (ccTGA) and after the Mustard or Senning procedure, the morphological right ventricle is the systemic ventricle. The development of systemic right ventricular failure with increasing age is very common in patients after ccTGA, and it has been reported that as many as two thirds of patients with ccTGA suffer heart failure by the age of 45 years \[[@CR3]\].

Assessment of the systemic right ventricular function by echocardiography is sometimes complicated, and cardiac magnetic resonance imaging (CMR) is the optimal method. However, it is not possible to use magnetic resonance imaging to examine patients who have a pacemaker, or who suffer from claustrophobia. CMR is also expensive, and availability may be limited. Assessment of the systemic right ventricular function using alternative methods is therefore of interest.

Two-dimensional speckle tracking echocardiography has been used to assess systemic right ventricle function, although experience is limited. Previous studies have shown correlations between systemic right ventricular function and right ventricular global longitudinal strain (GLS), where GLS predicted adverse clinical outcome in patients with TGA \[[@CR4]--[@CR6]\] and ccTGA \[[@CR5]\]. In patients with TGA septal longitudinal and circumferential stain have been demonstrated to be reduced \[[@CR7]\]. N-terminal proB-type natriuretic peptide (NT-proBNP) levels have also been found to correlate with right ventricular function measured with CMR in patients with TGA \[[@CR8]\]. Cardiopulmonary exercise and lung function tests have been recommended to provide additional diagnostic information in the follow-up of patients with congenital heart disease \[[@CR9]\]. However, it remains unclear whether right ventricular function measured with CMR and GLS measured with echocardiography are correlated with clinical signs or subjective symptoms of systemic right ventricular dysfunction. The purpose of this retrospective study was therefore to assess the relationship between the systemic right ventricular function derived from CMR, echocardiography, exercise stress test performance, NT-proBNP level, and NYHA class in patients with a systemic right ventricle.

Methods {#Sec2}
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The records of all patients with TGA or ccTGA at Skåne University Hospital were obtained from a national registry, "SWEDish registry on CONgenital heart disease" (SWEDCON), which contains information on patients with congenital heart defects and who have undergone heart surgery. The study was approved by the Ethics Review Board in Lund. The selection criteria were: 1) patients with cardiac MRI data, 2) data from other parameters to be collected within the time span of one year, 3) adequate echocardiographic image quality, and 4) patients had reached their teens at time of data collection. Data on NT-proBNP level (ng/L), NYHA class (I-IV), exercise test performance, and the results of CMR and transthoracic echocardiographic loop examination were collected from the patients' medical records and the SWEDCON database.

All laboratory analysis was carried out at the laboratory of the University Hospital in Lund, using the commercial version of the NT-proBNP ElectroChemiLuminiscence Immunoassay (ECLIA). The lowest detection limit for NT-proBNP was 5 ng/L and the highest detection limit 35 000 ng/L. The coefficient of variability was 5% at 177 ng/L, and 4% at 2100 ng/L.

The parameters measured with echocardiographic loops were: 1) global longitudinal strain (GLS) (%), 2) tricuspid annular plane systolic excursion (TAPSE) (mm), 3) fractional area change (FAC) (%), 4) apical 4 chamber strain (AP4) (%) and 5) short-axis transection strain (SAX) (%). Echocardiographic loop analysis was performed by one cardiologist with experience in echocardiographic examination of grown-ups with congenital heart disease. The venous left ventricular function (LVEF) was measured with echocardiography. The systemic right ventricular function (RVEF) and venous LVEF were derived using CMR. The RVEF (%) was used for assessment of the ventricular function. All patients were examined with CMR in Lund at rest in supine position and during end-expiratory breath hold. A 1.5 T CMR scanner was used for all studies (Philips Achieva, Best, The Netherlands). Images were acquired using sequences with identical temporal and spatial resolution at both field strengths \[[@CR10]--[@CR13]\]. All measurements were done using Segment 1.9 software ([http://segment.heiberg.se](http://segment.heiberg.se/)) \[[@CR14]\].

Performance during the exercise stress test was expressed as maximum heart rate (beats per minute, bpm), maximum working capacity (W) and expected maximum working capacity (%). Exercise testing was performed Monark 939E cycle ergometer and Oxygen Pro (Jaeger, Hochberg, Germany). Blood pressure and a 12 lead ECG were monitored during exercise. Continuous data are presented as the median and range. NT-proBNP were not normally distributed and therefore log transformed. The relationship between the systemic RVEF derived from CMR, and exercise test results, logNT-proBNP, and echocardiographic parameters (GLS, TAPSE, FAC, AP4 and SAX) was evaluated using the Pearson correlation coefficient. The relationship between NYHA class and the systemic RVEF, exercise test results, logNT-proBNP, and echocardiographic parameters (GLS, TAPSE, FAC, AP4 and SAX) was evaluated using the Spearman correlation coefficient. The statistical significance was set at p \< 0.05. Analysis was performed using IBM SPSS Version 24.

Results {#Sec4}
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A total of 11 patients were eligible for inclusion: seven who had undergone atrial switch operation and four with ccTGA. The patient characteristics and measured parameters are given in Table [1](#Tab1){ref-type="table"}. One of the atrial switch operations was the Mustard procedure and the other six were Senning procedures. None of the ccTGA had undergone previous surgery. Moderate tricuspid regurgitation was seen in two patients after atrial switch operation. Severe tricuspid regurgitation or VSD-closure was not observed. Baffle leak was present in one patient, however, hemodynamically insignificant. Table 1Patient characteristics and descriptive statisticsAfter atrial switch operationccTGATotalPatients (n)7411Male/Female (n)7/02/29/2Age (years)30 (13-37)35 (25-67)32 (13-67)History of clinical arrhythmia (%)865073Moderate TR (n)201VSD-closure (n)000NYHA class (n) I527 II213 III000 IV000CMR-RVEF (%)44 (32-60)48 (23- 59)44(23 -- 60)Echocardiographic parameters GLS (%)-12.4 (-19.1- -11.0)-14.6 (-23.8- -7.8)-13.6 (-23.8 - -7.8) TAPSE (mm)17.0 (12.5-18.0)15.6 (14.3- 16.9)16.9 (12.5- 18.0) AP4 (%)14.3 (11.3-18.3)15.5 (7.8-19.3)14.6 (7.8-19.3) FAC (%)0.22 (0.18- 0.37)0.24 (0.21-0.28)0.22 (0.18 -- 0.37) SAX (%) LVEF (%)8.0 (3.5-15.8)41 (34-47)19.840 (27-40)11.0 (3.5- 19.8)40.5 (27-47)NT-pro BNP (ng/L)231 (75-1349)1591 (250-3537)382 (75-2537)Exercise stress test Max. heart rate (bpm)162 (109-176)179 (163-184)170 (109-184) Max. SBP (mmHg)170 (125-195)170 (120-170)170 (120-195) Max. working capacity (W)170 (105-225)210 (106-218)180 (105-225) Expected max. working capacity (%)66 (43-89)87 (86-87)71 (43-89)Cardiac magnetic resonance imaging (CMR), echocardiographic parameters, NT-proBNP (N-terminal pro B-type natriuretic peptide) and exercise stress test (medians) in seven patients after atrial switch operation and four ccTGA (congenitally corrected transposition of the great arteries) patients. *TR* tricuspid regurgitation. *SBP* systolic blood pressure. *RVEF* right ventricular ejection fraction. *FAC* fractional area change. *GLS* global longitudinal strain. *TAPSE* tricuspid annular plane systolic excursion. *SAX* short axis transection strain. *AP4* apical 4 chamber strain

The median age of the patients with ccTGA was 35 years (25-67 years), and that of the patients undergoing atrial switch operation was 30 years (13-37 years) (Table [1](#Tab1){ref-type="table"}). Seven patients were classified as NYHA class I, three as class II and *none* in the other classes. The venous LVEF derived from echocardiography was 41 % (34-47%) in patients who had undergone atrial switch operation and 40% (27-40%) in ccTGA patients. The RVEF derived from CMR was 44% (32-60%) in patients who had undergone atrial switch operation and 48% (23-60%) in ccTGA patients (Table [1](#Tab1){ref-type="table"}). The median level of NT-proBNP was 382 ng/L (75-2537 ng/L) (Table [1](#Tab1){ref-type="table"}).

Table [2](#Tab2){ref-type="table"} gives the correlation coefficients and p-values. A statistically significant correlation was found between CMR-derived RVEF and right ventricular GLS (r= -0.627; p=0.039) (Fig. [1](#Fig1){ref-type="fig"}). No correlation was found between the CMR-derived RVEF and any of the other echocardiographic parameters. -The median maximum working capacity in patients after atrial switch operation was 170 W (105-225W) and in the ccTGA patients 210 W (106-218W). No correlations were found between the CMR-derived RVEF and the exercise test parameters. No statistically significant correlation was found between CMR-derived RVEF and logNT-proBNP or NYHA class. Table 2Correlation coefficients for CMR-derived right ventricular ejection fraction (RVEF) and given parametersParametersRVEFr-valuep-valueMax. heart rate0.140.70Max. SBP0.260.48Max. working capacity0.600.07Expected max. working capacity0.470.21logNT-proBNP-0.6150.078NYHA class-0.1140.754GLS-0.630.04TAPSE-0.110.86AP40.560.08FAC-0.110.74SAX0.600.27*SBP* systolic blood pressure. *FAC* fractional area change. *GLS* global longitudinal strain. *TAPSE* tricuspid annular plane systolic excursion. *SAX* short-axis transection strain. *AP4* apical 4 chamber strain Fig. 1Scatterplot showing the correlation between cardiac magnetic resonance (CMR)-derived systemic RVEF and systemic right ventricular global longitudinal strain (RV GLS)
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The findings of this study show that the right ventricular GLS were correlated with systemic right ventricular function in patients with a systemic right ventricle. These findings support the use of these methods for the assessment and evaluation of systemic right ventricular function in patients who have undergone atrial switch operation and those with ccTGA. As strain reflects the intrinsic myocardial contractility, in contrast to the ejection fraction, it may be a better method for the assessment of the systemic right ventricle. The aim of this retrospective study was to assess the relationship between the systemic right ventricular function derived from CMR, echocardiography, exercise stress test performance, NT-proBNP level, and NYHA class in patients with a systemic right ventricle. No other has analysed CMR-derived RVEF, echocardiographic non-volumetric measurements, NT-proBNP levels, NYHA class and performance in an exercise test in the same study.

A correlation between CMR-derived right ventricular function and right ventricular GLS has been described previously by Lipczynska et al \[[@CR4]\]. In their prospective study of 40 patients with TGA after the atrial switch procedure (mean age 26±5 years), they found a significant linear correlation between the systemic RVEF and GLS, and also between the systemic RVEF and the FAC of the systemic right ventricle. In the mentioned study, systemic right ventricular GLS was proposed to be *able to* discriminate between systemic RVEF *below or above 45%* derived from CMR. Our finding is thus in line with that reported by Lipczynska et al., although weaker (r= -0.627). In contrast to the findings of Lipczynska et al., we did not find a significant correlation between systemic right ventricular systolic function and the right ventricular FAC. This could be due to our smaller study population. It has been suggested that systemic right ventricular GLS could be used instead of right ventricular FAC in patients with systemic right ventricular dysfunction as it has been found to have a higher predictive value, better measurement-remeasurement reproducibility, and can predict adverse clinical outcomes as morbidity and mortality \[[@CR4]\]. A reduced septal longitudinal and circumferential strain may contribute to reduced septal work and failure of the systemic right ventricle in TGA patients \[[@CR7]\].

The relationship between right ventricular function and NT-proBNP has been reported in previous studies. Plymen et al. reported a statistically significant correlation between CMR-derived RVEF and NT-proBNP in patients after atrial switch operation (35 patients, 54% after Mustard procedure) \[[@CR8]\]. Kotaska et al. also reported a relationship between NT-proBNP and the systemic right ventricular systolic function assessed by transthoracic echocardiography in adult patients after the Mustard and Senning procedure \[[@CR15]\]. In a systemic review by Eindhoven et al. \[[@CR16]\] a significant correlation between BNP and RV function derived by CMR or echocardiography was reported in five of eight studies. Our study joins the studies without reports of a significant relationship between logNT-proBNP and the CMR-derived RVEF. In two of the studies of the mentioned systematic review, a correlation was also seen between the severity of tricuspid regurgitation and BNP. Thus, a possible explanatory factor for our findings, may be the absence of tricuspid regurgitation in our study group and the non-normal distribution of NT-proBNP.

No significant relationship was found between the CMR-derived RVEF and any of the exercise test parameters. Reduced exercise capacity in patients after atrial switch operation has been reported in several studies \[[@CR17]--[@CR19]\]. Previous studies have reported conflicting findings on the correlation between systemic right ventricular function, described by CMR and echoccardiography-derived RVEF and echocardiographic parameters such as GLS, FAC, TAPSE, and exercise capacity \[[@CR20]--[@CR23]\]. In a study on 105 patients with a systemic right ventricle, including both ccTGA and patients after atrial switch operation, Helsen et al. found that neither CMR- nor echocardiographically-derived systolic parameters were correlated to reduced exercise capacity \[[@CR24]\]. Although based on a significantly smaller study population, our findings are in line with those of the above-mentioned study, and it is questionable whether a larger study population would be of value, with regard to incoherent findings of earlier studies \[[@CR20]--[@CR24]\]. In the present study, no correlation was found between RVEF and NYHA class. This may have been due to the small variation in NYHA-classes in our study group. However, Plymen et al. found no such correlation either \[[@CR8]\]. The absence of correlation between reduced systemic ventricular function and symptoms or exercise capacity, which mainly is seen in acquired cardiac disease, is notable.

This study is limited by the small study population. Also, the time between the dates of examination varied.

Conclusion {#Sec7}
==========

This study has shown that right ventricular GLS measured with echocardiography may be useful in the evaluation of systemic right ventricular function.
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